Low pH silica-based grouts suitable for penetrating fine-aperture fractures are increasingly being developed for use in engineering applications. Silica sol has an initial low viscosity; mixing with an accelerator destabilises the suspension, producing a gel. The reported study investigated the influence of sodium, calcium and ammonium chloride accelerators on gel time, rate of gelation and shear strength of the resulting gel. For the first time, the potential use of bacterial ureolysis as an accelerator for the destabilisation of silica sol was also explored. This study demonstrates that bacterial ureolysis can be used to control the gelation of silica sol. The rate of ureolysis increases with increasing bacterial density, resulting in faster gel times and higher rates of gelation. In addition, for grouts with similar gel times, using bacterial ureolysis to induce destabilisation results in a higher rate of gelation, a higher final shear strength and a more uniform gel than direct addition of the corresponding chemical accelerator. These results suggest that bacterial ureolysis could potentially be used in rock grouting to achieve long gel times and hence greater penetration, while also maintaining sufficiently rapid gelation to minimise issues related to fingering and erosion of the fresh grout.
INTRODUCTION
Cementitious grouts are commonly used to reduce hydraulic conductivity in fractured rock, and microfine and ultrafine cements are increasingly being used for penetrating fine-aperture fractures. However, their penetration below 50-100 mm remains limited without hydraulic jacking. For geological repositories of high-level nuclear waste (HLW), fractures with apertures down to 10 mm will need to be sealed to meet acceptable leakage rates (Funehag, 2007) . High pH cement grouts (pH 12-13) will not be used in the vicinity of HLW repositories due to the adverse impact of high pH leachate on the behaviour of bentonite (Bodén & Sievä nen, 2005) . There are also concerns that superplasticisers, used to improve the flow of cement grouts, may reduce radionuclide sorption in repository environments (Young et al., 2013) . There is thus a need for the development of alternative grouts that can penetrate fine-aperture fractures.
A low-viscosity grout comprising silica sol and an accelerator has been proposed (Funehag & Axelsson, 2003; . The accelerator, a saline solution, destabilises the suspension of nanometresized silica particles, resulting in a gel. The distance the grout can penetrate is governed by the gel time (and initial viscosity) . In water-filled fractures, it is desirable that the grout gains strength quickly to reduce fingering of the grout front and to minimise its erosion by ingressing water. Hence, the gel time, rate of gelation and shear strength evolution are critical properties for the design of a successful grouting campaign.
This study investigated the direct addition of three different accelerators (sodium, calcium and ammonium chloride) and the gel time, rate of gelation and shear strength parameters were determined. The potential use of bacterial ureolysis as an accelerator for the in situ destabilisation (i.e. cations produced within the silica sol) was also explored for the first time.
MATERIALS AND METHODS
Silica sol and gel properties MP320 colloidal silica (Meyco BASF), which is sold with a sodium chloride accelerator was used in this study. The silica sol has a dynamic viscosity of ,10 mPa?s, a density of 1?3 g/cm 3 , pH of 9?5-9?8 and SiO 2 concentration of 40% (BASF, 2009) .
Silica sol was mixed with accelerators in a 5 : 1 ratio. The increase in dynamic viscosity that occurs as gelling proceeds was measured using a Brookfield digital viscometer (model LVT DVII) in accordance with ASTM D4016 (ASTM, 1993) . In the viscosity tests, 200 ml of silica sol to 40 ml of accelerator was used; double these volumes were used for the shear strength tests, which were carried out using a Wykeham Farrance laboratory shear vane apparatus (BSI, 1990) . Specimens were sealed to prevent evaporation and the shear strength was measured after 1 d and 7 d in an environment with a relative humidity of 40-60%. Viscosity and shear strength tests were carried out in a temperature-controlled laboratory at 20uC.
Bacterial suspension
Bacterial ureolysis relies on the urease enzyme of bacteria to hydrolyse urea to ammonium ions. In this study, Sporosarcina pasteurii (strain ATCC 11859), a common ureolytic soil bacterium was used. The S. pasteurii were E. et al. (2013) . Gé otechnique Letters 3, 180-184, doi: http://dx.doi.org/10.1680/geolett.13.00064 initially grown on solid brain heart infusion (BHI) agar with urea (20 g/l). A single colony was then transferred to liquid BHI growth medium (37 g/l), again supplemented with urea (20 g/l), and cultures were grown at 25uC for 24 h. The bacterial suspensions were produced by separating the bacteria from the growth medium by centrifuging (at 8000 rpm for 4 min) and diluting with sterile tap water until the required optical density (OD 600 ) was achieved (measured using a UV-VIS spectrophotometer at 600 nm). OD 600 is commonly used as a method of ensuring that similar numbers of bacteria are present in prepared solutions.
Equal volumes of the bacterial suspension and urea were mixed together prior to mixing with silica sol in a 5 : 1 ratio. The accelerator of bacterially induced ammonium ions with a final OD 600 5 0?33 and 0?145 M urea was prepared by mixing 20 ml of 4OD 600 bacterial suspension and 20 ml of 1?74 M urea together and then mixing with 200 ml of silica sol. To give a final OD 600 of 0?67, the solutions were mixed as before but with 20 ml of 8OD 600 bacterial suspension. To achieve optical densities greater than 1, larger volumes of lower concentration suspensions were centrifuged, and the supernatant re-suspended in smaller volumes of sterile water (e.g. the supernatant of 80 ml of 1OD 600 was re-suspended in 20 ml of sterile water to give an equivalent of 4OD 600 ). Separation of the bacteria from the growth medium ensured limited further growth, while ureolysis provided the existing S. pasteurii with energy for metabolic processes.
Determination of ureolysis rate
The ureolysis rate constant k urea was calculated for aqueous solutions from Equation 1 using experimental measurements of ammonium concentration over time [NH 4 + ] t , where [urea] 0 is the initial urea concentration (Tobler et al., 2011) ½NH 4 z t~2 ½urea 0 (1{e
Ammonium concentrations were determined using the colorimetric Nessler method for aqueous solutions as described by Tobler et al. (2011) . This method could not be used to determine the ammonium concentration in silica sol, due to its opalescence. However, since the hydrolysis of urea produces ionic products from a non-ionic substrate it is possible to measure conductivity (Whiffin, 2004; De Muynck et al., 2011) . For both aqueous bacterial suspensions (OD 600 of 0?33 and 0?67), the linear relationship between conductivity and ammonium concentrations (determined using the Nessler method) was derived (R 2 values of 0?95 and 0?98), enabling the ammonium concentration within the silica sol to be estimated using conductivity measurements and hence calculation of k urea .
RESULTS
The gelation properties of the silica sol can be controlled by varying the type and concentration of the accelerator (e.g. Funehag & Axelsson, 2003) . This results in changes not only to the gel time t gel but also to the rate of gelation r gel (defined in Fig. 1 ). For example, Fig. 1 illustrates that decreasing the concentration of NaCl accelerator from 0?363 M to 0?255 M increases the gel time from 17 to 120 min, with a corresponding decrease in the rate of gelation from 322 to 241 mPa?s/min. At lower concentrations, the onset of gelation is also more gradual.
Monovalent and divalent cation accelerators
Comparing grout A (0?29 M NaCl) and grout B (0?033 M CaCl 2 ) in Fig. 2 , it is apparent that despite the final concentration of CaCl 2 being almost an order of magnitude less than that of NaCl, the gel time was slightly shorter for grout B (29 min) than for grout A (38 min) and the rate of gelation was much higher (767 mPa?s/min compared with 324 mPa?s/min). This is because the divalent calcium ion is more effective at compressing the diffuse double layer around the silica particle (Savarmand et al., 2003) than the monovalent sodium ion. This reduces electrostatic repulsion between silica particles, increasing the likelihood of interparticle collisions, hence accelerating aggregation and gelation. After 1 d, grouts A and B had a shear strength of 28 kPa (Table 1) Fig. 1 . Viscosity-time curves for the gelation of silica sol destabilised using sodium chloride accelerators. For each concentration, the experiment was performed in triplicate. Gel time (t gel ) is defined as the intercept of the extrapolations from the two straight line portions of the viscosity-times curves (Summers et al., 1988) and the rate of gelation (r gel ) as the slope of the curve as marked on the figure. The reported values of t gel and r gel are averages of each triplicate indicates a degree of heterogeneity resulting from the direct addition of calcium chloride. It is likely that aggregations also formed on the direct addition of sodium chloride, but these only became visible at higher salinity concentrations.
Monovalent cation accelerators
It is evident that grout C (0?29 M NH 4 Cl) gelled much more quickly than grout A (0?29 M NaCl). This is despite the fact that both accelerators had monovalent cations and had the same final concentration (Fig. 2) . The rate of gelation was also higher for grout C (Table 1) . After 1 d, both grouts had similar shear strength; however, after 7 d, grout C exhibited a higher shear strength of 79 kPa compared with 51 kPa for grout A.
The observed differences in the viscosity curves and shear strengths between these two monovalent ions (Na + and NH 4 + ) are due to ion specificity. Na + , due to its small size, has a high charge density and exhibits a strong interaction with water molecules (kosmotropic), resulting in a large hydration sphere (Trompette & Meireles, 2003) .
By comparison, NH 4
+ is a large ion with a low charge density and exhibits weaker interactions with water molecules (chaotropic); it thus has a smaller hydration sphere than Na + . As a result, NH 4 + ions can adsorb closer to the silica particle surface, which may explain the higher shear strength observed. Consistent with our results, Trompette & Meireles (2003) found that chaotropic ions are more efficient at destabilising silica sol than kosmotropic ions.
Bacterially induced ammonium ions (in situ) compared with direct addition of ammonium chloride
Comparing the direct addition of ammonium (grout C, 0?29 M NH 4 Cl) with the production of NH 4 + ions in situ (i.e. within the silica sol) by bacterial ureolysis (grout E, maximum of 0?29 M NH 4 + ), it is clear that for the same (maximum) concentration of NH 4 + ions, grout E had a longer gel time and a lower rate of gelation than grout C (Fig. 2) . However, comparing direct addition versus in situ production for grouts with a similar gel time (grout D (0?16 M NH 4 Cl) and grout E), grout E had a rate of gelation 2?8 times that of grout D (546 mPa?s/min compared with 192 mPa?s/min, Table 1 ) and a 25% higher 7-day shear strength than grout D. Figure 3 compares the viscosity evolution of silica sol destabilised using two different bacterial densities, equivalent to 0?67OD 600 and 0?33OD 600. For the grout with a higher number of bacteria (0?67OD 600 ), the gel time is much shorter and the rate of gelation higher than for the 0?33OD 600 grout. This can be explained by considering the production of NH 4 + ions, which is dependent on bacterial (Fig. 4) . Ureolysis proceeds rapidly in the silica sol due to the fact that, here, the bacteria were grown in media containing urea; only a small initial lag can be observed. Figure 4 shows that NH 4 + ions are produced before gelling begins in both bacterial grouts, indicating that a critical ion concentration is required for gelation and that this is reached much sooner in the higher bacterial density grout (0?67OD 600 ) due to the higher ureolysis rate constant k urea .
Influence of bacterial density on silica sol gelation

DISCUSSION
In order to use silica sol to grout fine-aperture fractures in hard rock, the gel time should enable sufficient penetration during the initial period of low viscosity and allow for mixing and pumping; workability times longer than an hour are recommended (Bodén & Sievä nen, 2005) . Once the gel time has been reached and pumping stopped, gelation should proceed rapidly so that there is a rapid strength gain. Reducing accelerator concentrations to control gel time compromises the gel rate and the rate of strength gain. This can result in backflow (particularly if connected to a tunnel), fingering and grout erosion (Emmelin et al., 2007; Axelsson et al., 2008) .
This research shows that it is possible to use bacterial ureolysis to induce the gelation of silica sol and, for a given gel time, this results in a higher rate of gelation and a 25% higher final shear strength than can be achieved with the corresponding chemical accelerator (i.e. NH 4 + ions). Furthermore, as observed in the experiments, chemical accelerators can result in heterogeneous gel formation due to the non-uniform distribution of ions during aggregation (Schantz Zackrisson et al., 2008) . No aggregations or clumping were observed in any of the bacterially induced gels. Figure 5 shows scanning electron microscope (SEM) images of a single cell (Fig. 5(a) ) and multiple cells (Fig. 5(b) ) embedded within grout E after 1 d. The relatively even distribution of bacteria engenders a more uniform distribution of ammonium cations, since production occurs in situ, resulting in a more uniform gel structure.
The consideration of biological processes in geotechnical engineering has gained increasing interest in recent years (Mitchell & Santamarina, 2005; DeJong et al., 2013) , with much attention focused on microbially induced calcite precipitation (DeJong et al., 2006; Van Paassen et al., 2010; Al Qabany & Soga, 2013) . The current study demonstrates, for the first time, the potential use of microorganisms as a means of controlling the gel time of a low-viscosity grout -an entirely new avenue of research in geotechnical engineering.
Field application will require cultivation of S. pasteurii on a large scale, which can be carried out by biotechnology companies (Van Paassen, 2011) . It is envisaged that the bacterial suspension would be first mixed with the silica sol Use of bacterial ureolysis for improved gelation of silica sol in rock grouting and urea, and then pumped into the subsurface via injection points. While separation of S. pasteurii from the growth medium as conducted in this work may not be entirely necessary, the advantage is that the stimulation and growth of indigenous microorganisms can be avoided by not introducing additional nutrients into the subsurface. Finally, use of this technique in soils would require consideration of the bacteria size relative to the interconnected porosity (Mitchell & Santamarina, 2005; Phadnis & Santamarina, 2011) .
CONCLUSIONS
This study has shown that bacterial ureolysis can be used to control the production of ammonium ions and thus the gelation of silica sol. The rate of ureolysis increases with increasing bacterial density, resulting in faster gel times and higher rates of gelation. For a specified gel time (i.e. penetration distance), the use of bacterial ureolysis leads to a higher rate of gelation, a higher final shear strength and a more uniform gel structure than direct addition of the corresponding chemical accelerator. These results suggest that bacterial ureolysis could potentially be used in rock grouting to achieve long gel times and hence greater penetration, while also maintaining sufficiently rapid gelation to minimise issues related to fingering and erosion of fresh grout.
